Corals are threatened worldwide due to rapidly warming oceans associated with anthropogenic 8 climate change. A growing body of work has explored how corals respond to heat stress, however, 9 responses of corals across the full range of their thermal breadth are rarely explored even though 10 winter colds are also known to induce coral stress. Here, we leverage the temperate stony coral, 11
Introduction 31
Temperature is an important factor in determining species distribution patterns in ectothermic 32 organisms [1] . As sea surface temperatures continue to rise, understanding how this will affect 33 species distributions demands a broad understanding of an organisms' physiological sensitivities 34 to temperature across their native range. There is overwhelming evidence that temperature 35 increases associated with anthropogenic climate change are having widespread ecological 36 consequences on marine species distributions [2, 3] . Coral reefs are particularly sensitive to these 37 thermal changes, which have been implicated in widespread reef declines [4] . Temperature 38 anomalies are the primary driver of the breakdown of the obligate symbiotic relationship between 39 corals and their endosymbiotic algae [5] in the family Symbiodiniaceae [6] . This breakdown 40 results in the expulsion of algae from coral host tissue in a process commonly referred to as coral 41 bleaching. Because symbiotic algae translocate carbon sugars to the coral host, losing these 42 symbionts results in significant energy loss and many corals are unable to survive extended periods 43 in a bleached state [7] . 44 
45
The majority of research on coral bleaching has focused on responses to elevated temperatures in 46 tropical reef-building corals [8] . However, tropical corals are known to bleach in response to a 47 variety of stressors, including high nutrients [9] , ocean acidification [10], pathogens [11] , low 48 salinity [12] and chemical exposures [13] . Coral responses to cold stress remain understudied, even 49 though these events can have substantial impacts on reefs. For example, in 2010 a cold water 50 bleaching event decimated inshore coral populations along the Florida reef tract [14] , and cold 51 water has caused bleaching on the Great Barrier Reef [15] . While the main effect of climate change 52 on marine systems is a net increase in mean global sea surface temperatures, these cold thermal 53 challenges will still occur [16] and may disproportionately affect subtropical and temperate coral 54 species. 55 
56
Tropical reef-building corals live in oligotrophic waters and cannot survive long-term without their 57 symbionts. Because energy deprivation in these corals results from any mechanism of symbiont 58 loss [17] , uncoupling a thermal stress response from a general stress response (i.e. energy deficit) 59 is challenging. Given that many tropical corals exhibit an obligate symbiotic relationship, it is 60 difficult to uncouple the host's stress response to extreme temperatures from that of the host's 61 response to algal by-products released under stress (i.e. reactive oxygen species (ROS) [18] ) and 62 the resulting energy deprivation from the loss their algal symbiont induced by a bleached state. 63
However, there are several species of subtropical and temperate reef-building corals that exhibit 64 facultative symbioses. The Northern Star Coral, Astrangia poculata, exhibits a 65 facultatively symbiotic relationship with Breviolum psygmophilum [19] and can be found naturally 66 in sympatry across two symbiotic states that are visually distinguishable by colour. Symbiotic 67 colonies appear brown due to high densities of B. psygmophilum, and much like a bleached coral, 68 aposymbiotic colonies of A. poculata appear white due to very low algal densities [20] . Unlike 69 obligately symbiotic corals, A. poculata can thrive in its "bleached" state by feeding autonomously 70 via heterotrophy. Additionally, A. poculata experiences large seasonal variation in temperature at 71 its northern range, making these populations ideal models for investigating how corals might 72 withstand wide thermal ranges. Taken together, A. poculata provides a unique opportunity to 73 leverage its aposymbiotic state to determine how broad thermal anomalies influence the coral host 74 in isolation from its symbionts. In order to disentangle how coral hosts respond to thermal challenges in isolation, we leverage the 90 facultative symbiosis offered by A. poculata to assess how thermal challenges influence the host's 91 stress response. We present two experiments that independently assess the behavioural and 92 molecular responses of aposymbiotic A. poculata to divergent thermal challenges. We then 93 contrast these stress responses to better understand this coral's ESR to a wide breadth of thermal 94 challenges to explore how conserved these response repertoires might be. 95 
Thermal challenge common garden experiments 108
Aposymbiotic colonies of Astrangia poculata (n = 18; Figure 1C) 
Thermal challenge I: Cold experiment 117
Nine colonies were assigned to the cold challenge experiment. At least one nubbin (n = 43) from 118 each colony was represented in one of three replicate tanks assigned to control conditions (22˚C) 119 and one of three to the cold challenge treatment (22 o C that was incrementally lowered to 6 o C over 120 16 days). It is worth noting that 6 o C is above the minimum temperature A. poculata experience 121 within their normal seasonal averages ( Figure 1B) , however, achieving lower temperatures was 122 limited by the capacity of our chillers. In addition, the rate of chilling was much more rapid than 123 what these corals experience naturally and given that these corals were collected in the summer, 124 the rate of change and the temperature achieved is expected to represent a considerable thermal 125
challenge. 126 127

Thermal challenge II: Heat experiment 128
An independent set of nine aposymbiotic colonies of A. poculata were fragmented (n = 43) and at 129 least one nubbin from each colony were assigned to each treatment. There were three replicate 130 tanks for control conditions (16 o C) as well as the heat challenge treatment (23 o C that was 131 incrementally ramped every three days until 31 o C was achieved; ttotal = 10 days) and at least one 132 nubbin of each colony was assigned to each treatment ( Figure 3B ). Due to insufficient RNA 133 quality, some samples were not successfully represented in library preparations. As a result, four 134 colonies are only represented in one of the treatments. It is also worth noting that the final heat 135 challenge temperature tested here was well above the maximum temperature these corals typically 136 experience at their source location ( Figure 1B) . 137
138
Coral polyp behaviour in response to food stimulus 139
In the cold challenge experiment, corals were fed daily and subsequent feeding behaviours were 140 recorded. In contrast, in the heat challenge experiment, corals were offered food every third day. 141
Coral polyp behaviour in response to the food stimulus was quantified as the total coral surface 142 area that had observable polyp extension relative to retracted polyps. This was scored on a scale 143 of 1 to 5 based on the estimated percentage of active polyps within a fragment (1 = 0%, 2 = 25%, 144 3 = 50%, 4 = 75%, 5 = 100%) and the same researcher conducted all behavioural assays to control 145 for observer biases. An ordered logistic regression was performed to establish if temperature 146 influenced polyp extension rates using the polr function as part of the MASS package (version 7.3-147
51.1) in R. 148 149
Global gene expression profiling 150
Upon reaching maximum thermal differences between challenge and control treatments in both 151 experiments, several aposymbiotic polyps from all colonies were sampled using sterilized bone 152 cutters, immediately placed in 200 proof ethanol and stored at -80 o C. Total RNA was extracted 153 using an RNAqueous kit (Ambion by LifeTechnologies) following the manufacturer's 154
recommendations. An additional step using 0.5 mm glass beads (BioSpec), which were added to 155 the vial of lysis buffer and samples were homogenized using a bead beater for 1 min. RNA quantity 156 and integrity were determined using a DeNovix DS-11+ spectrophotometer and ribosomal RNA 157 bands were confirmed on 1% agarose gels. Trace DNA contamination was removed using a DNase 158 1 (Ambion) digestion at 37 o C for 45 minutes, then libraries were created from 1500 ng of total 159 RNA following [30] and adapted for Illumina Hi-Seq sequencing [31, 32] . In brief, RNA was heat-160 sheared and transcribed into first-strand cDNA using a template-switching oligo and 
Gene Expression Analyses 169
A preliminary A. poculata holobiont transcriptome [33] was first separated into the host and 170 symbiont fractions (following [24] ). In brief, the resulting host transcriptome was cleaned by 171 removing all genes that had high-level matches to the SILVA ribosomal small (16s/18s) and large 172 (34s/28s) subunit databases [34] using BLASTn [35] . Genes which had annotations associated 173 with chloroplasts were also removed as they are indicative of symbiont or turf algae contamination. 174
Raw reads across libraries ranged from 2.1-7.4 million SE 50 bp sequences. Illumina TruSeq 175 adapters and poly-A tails were removed using the FASTX-Toolkit (v 0.0.14, 176
http://hannonlab.cshl.edu/fastx_toolkit) and resulting sequences that were less than 20 bp in length 177 were removed. In addition, only those sequences with > 90% of bases having a quality score > 20 178 were retained. PCR duplicates were removed and resulting quality-filtered reads were mapped to 179 the cleaned A. poculata transcriptome using Bowtie2 [36] . Raw count data for each challenge 180 experiment were first tested for outliers using arrayQualityMetrics as part of DESeq [37] and no 181 outliers were detected for either experiment. DESeq2 [38] was then used to identify differentially 182 expressed genes (DEGs) associated with heat and cold thermal challenge relative to their 183 respective controls using a Wald's test. P-values were adjusted for multiple testing using the 184
Benjamini and Hochberg method (FDR < 0.05; [39] ). Lastly, expression data for each experiment 185 were r-log normalized and these data were used as input for a principal component analysis. A 186 permutational multivariate analysis of variance was then used to determine if overall gene 187 expression patterns between thermal challenge treatments differed significantly from their controls 188 using the adonis function in Vegan v2. 5-4 [40] . 189
Gene ontology (GO) enrichment analysis was performed using adaptive clustering of GO 190 categories and Mann-Whitney U tests (GO-MWU) based on the ranking of signed log p-values 191
[41], which is particularly suitable for non-model organisms [42] . 
Convergent response repertoires to heat and cold challenge in Astrangia poculata 267
Both sets of thermal challenges induced a reduction in polyp activity in response to food stimulus 268 (Figure 2A, 3A) , however, there was a more pronounced reduction in behaviour to cold challenge 269 where nearly all polyps were retracted. There were seven times more genes that were differentially 270 expressed under cold challenge compared to heat challenge (Figure 4 
Astrangia poculata exhibit strong response to cold challenge 298
Astrangia poculata from Woods Hole represents one of the most northern populations of the 299 species and these corals experience a wide range of temperatures throughout the year ( Figure 1B) . 300
Given this temperature range, it was surprising that such strong behavioural and transcriptomic 301 responses were observed under cold challenge (Figure 2A; 2C) . This reduction in polyp activity 302 under cold temperatures is consistent with field observations during winter months, when corals 303 fail to respond to stimulus in the field [43] . This dormant polyp behaviour is possibly a quiescent 304 response to cope with long winter cold periods. However, very little is known about quiescence in 305 coral, and even less is known about what a transcriptomic signature of quiescence might look like. 306 Previous gene expression work described larval transcriptomic profiles associated with diapause 307
[44], which may have signatures similar to quiescence. Expression profiles associated with 308 diapause included cell cycle arrest, reduced transcription, increased ribosome production and 309 upregulation of oxidative stress defences [44] . Here, we observed strong overall transcriptomic 310 modifications associated with the cold challenge ( Figure 2C ), however, these gene expression 311 patterns were not consistent with diapause. Instead, we found GO enrichment that is consistent 312 with stress signatures in previous coral studies. SNAP receptor activity (GO:0005486) was highly 313 enriched under cold challenge, which has been implicated in stress from high solar irradiance and 314 is thought to be involved in coral bleaching [45] . Tumour necrosis factor-activated receptor 315 (GO:0005031), which is involved in regulating death receptor activity, was enriched and these 316 receptors have been heavily implicated in responses to heat-related stressors [27, 46, 47] . This stress 317 signature is further corroborated by enrichment of regulation of apoptotic signalling pathways 318 (GO:0097190) and cell death (GO:0008219), which were enriched under cold challenge (Fig S1) . 319
Apoptosis is a universal response of severely stressed cells [48] and its upregulation suggests that 320 the cold challenge performed here elicited a strong stress response from A. poculata. This stress 321 response is intriguing considering that the temperatures achieved in this experiment were well 322 within the thermal range that these corals experience in their natural environment ( Figure 1B) . 323
However, we also acknowledge that the rate of temperature change is important and that in their 324 native environments these corals would experience these temperature shifts across seasons. We, 325 therefore, suspect that this rate of change contributed to the strong stress signature observed here. 326
We propose that future work would benefit from a gradual decrease in temperature to mirror the 327 natural temporal progression of the field more closely. In addition, field-collected samples across 328 seasons may be more likely to capture the gene expression signature of quiescence. 329
330
Astrangia poculata exhibit subtle responses to extreme heat challenge 331
Natural summer temperatures reached at Woods Hole over the last 10 years was much lower than 332 the heat challenge reached in our experiment ( Figure 1B) . It is therefore surprising that A. poculata 333 from this site did not exhibit extreme behavioural and transcriptomic responses under this heat 334 challenge given that the temperature was considerably higher than temperatures they ever 335 experience in situ ( Figure 3A; 3C) . Corals did exhibit reductions in polyp activity in response to 336 food stimulus under heat challenge, however, unlike observed polyp inactivity during winter 337 months [43], there is no prior evidence for a decrease in polyp activity due to warm temperatures 338 in this species. In tropical corals, polyp contraction can occur as a response to heat stress and often 339 precedes tissue necrosis [49] . We speculate that similar to the response to the cold challenge, this 340 reduced behaviour was most likely due to stress. 341 342 A coral's molecular response to heat stress has been meticulously explored in tropical reef-building 343 corals (as reviewed in [8] ), however, this is one of the first studies to explore the molecular 344 response of an aposymbiotic reef-building coral to heat challenge in the absence of the algal 345 symbiont. Much like we observed in response to cold challenge, heat challenge elicited a stress 346 signature often observed in coral. For example, NF-kappaB complex (GO:0033256) which is 347 important to coral innate immunity [50] was enriched under heat challenge ( Figure S1 ) and this is 348 consistent with other coral heat stress studies [51] [52] [53] . We also observed an enrichment of many 349 terms related to mitochondria, suggesting that A. poculata were exhibiting increased respiration 350 under heat challenge. Enrichment of respiration under high temperatures is not surprising given 351 that these patterns have been demonstrated in heat-tolerant coral larvae [42] . Interestingly, 352 enrichment of genes associated with respiration was also previously found under extreme pCO2 found that acute cold stress was more detrimental to the tropical coral Acropora yongei than heat 374 stress, however, they did suggest that heat stress may be more detrimental over long term 375 timescales [55] . This contrasts with Nielsen et al. who found that Acropora millepora improved 376 its physiological condition under cold temperatures compared with ambient or heat conditions 377 heat and cold stress [58] . While there is no clear consensus, it is widely accepted that the specific 380 temperatures reached in each stress treatment and the rate at which those temperatures are reached 381 are both important factors and these responses are dependent on the species-specific thermal niche 382 breadth [59] . For example, the heat challenge exposure in our study may have elicited a more 383 muted response because A. poculata were collected in the summer, so perhaps they were already 384 acclimated to warmer conditions. Future experimental designs should, therefore, focus on 385 assessing the influence of thermal challenges across seasons to better understand the influence of 386 these divergent thermal stressors. 387
388
Convergent stress response repertoire to cold and heat challenge 389
Our behavioural results align with field observations of A. poculata where polyp extension 390 diminishes during winter months [43] . This lack of polyp activity could be indicative of corals 391 entering a quiescent state, where they lower metabolic activity as an adaptation to cooler 392 temperatures. However, our behavioural data also suggest that this reduction in polyp activity is 393 convergent across thermal challenges (Fig 2A, 3A) . Interestingly, our transcriptomic responses 394 under both thermal challenges show up-regulation of genes associated with catabolic activity, 395 particularly protein catabolism (Fig S2-3) . Large scale protein catabolism often occurs during 396 starvation after an organism has utilized most of its carbohydrate and lipid stores [54] , which is 397 consistent with reductions in polyp activities observed here under both thermal challenges. Given 398 that quiescence is associated with reduced metabolism, we suggest that even though our cold-399 challenged corals were exhibiting quiescence phenotypes, increases in catabolic-related genes 400 point instead to high energetic demands associated with stress-related cell functions at both thermal 401 extremes [48] . 402
403
In addition to A. poculata exhibiting similar behavioural responses to both heat and cold thermal 404 challenges, we also found a set of convergently responsive genes (CRG) that were consistently 405 regulated across thermal challenge experiments ( Figure 4B ). These CRG included upregulation of 406
Deleted in malignant brain tumours 1 (DMBT1) under both thermal challenges. DMBT1 was 407 previously found highly up-regulated in corals that survived bacterial [26] and lipopolysaccharide 408 challenges [60] . Taken together, these data suggest that DMBT1 plays a role in both microbial and 409 broad thermal stress responses. Furthermore, Tumour necrosis factor receptor 3 (TRAF3) was also 410 a highly up-regulated CRG under both thermal stressors. TRAF3 is an intracellular signalling 411 molecule that regulates mitogen-activated protein kinase activity and nuclear factor-B (Nf-B) 412 signalling [61] , which has been shown to be upregulated during stress-induced bleaching in 413
Aiptasia [50] . TRAF3 has also been found to be constitutively up-regulated or "front-loaded" in 414 corals tolerant to heat stress [27, 47, 51] and has been found upregulated under low magnesium 415 [62] , white band disease [63] , and high carbon dioxide treatments [64] . Our results provide 416 evidence that TRAF3 may be a CRG that is consistently up-regulated in response to all stressors, 417 not just high temperatures. 418
Universal stress protein A (USPA) was also an up-regulated CRG under heat and cold 419 challenge (Fig 5B) . USPA was previously found to be up-regulated under light stress [65] and, as 420 the name would suggest, USPA is produced in response to a large number of different 421 environmental stressors and is a highly conserved stress response gene in diverse taxa [66] . In 422 addition to up-regulated CRGs, a number of CRGs are similarly down-regulated in A. poculata 423 under both heat and cold challenge. These genes include oncoprotein-induced transcript 3 (OIT), 424 which -like TRAF3 -was previously found to be frontloaded in thermally tolerant corals [27] . 425 OIT3 has been found to be up-regulated under toxic stressors from a crude oil treatment [22] and 426 downregulated in response to low magnesium [62] , providing evidence that this gene may serve a 427 fundamental role in stress responses more generally. Trypsin was also found to be a CRG, however, 428 it is not well established for its role in stress response in coral. Trypsin is involved in protein 429 catabolism [67] and it is therefore consistent with our findings that protein catabolism is being 430 regulated by both heat and cold challenges. Taken together, these CRG highlighted here appear to 431 be regulated in response to a wide range of stressors and may represent a core set of genes 432 comprising a generalized stress response. 433
In addition to CRG, we also found consistently enriched GO categories under both heat 434 and cold challenges that corroborate the biological functions of the CRGs highlighted above. For 435 example, regulation of glucose import in response to insulin stimulus (GO:2001273) was enriched 436 under both challenges (Table 1) . While there is no direct evidence of insulin in corals, insulin-like 437 signalling has been reported to antagonize the transforming growth factor β pathway in sea sponges 438 (TGFβ) [68] . TGFβ signalling has been widely implicated in coral immunity and stress responses 439 including signalling apoptosis [69] . Apoptosis is a universal response of severely stressed cells 440 [48] and is associated with death receptor activity (GO:0008219), which was also enriched under 441 both heat and cold challenges. Corals that are sensitive to disease have also been observed to highly 442 upregulate apoptotic pathways, which have been suggested as clear indications of stress [25] . 443
Overall, the enrichment of apoptosis-associated GO terms observed here under thermal challenges 444 likely indicate extreme stress and cell death and further confirm that the thermal challenges applied 445 here were likely achieved at too rapid a pace to allow for acclimation. 446
447
Conclusions 448
While the stress response repertoire in tropical reef-building corals has been widely studied, 449 especially in response to hot thermal extremes, this study represents the first to characterize the 450 stress response of a naturally aposymbiotic coral to divergent thermal challenges. Our results 451 demonstrate that divergent thermal challenges elicit a convergent stress response in aposymbiotic 452 corals in the absence of symbiont-associated ROS. The CRG highlighted here will provide the 453 foundation for future research into how the added complexity of symbiosis influences the stress 454 response of coral. Overall, this work effectively highlights the benefits to studying facultatively 455 symbiotic corals to disentangle stress responses of the coral host from their algal symbionts and 456 future work leveraging this facultative relationship may lead to a stronger mechanistic 457 understanding of why coral dysbiosis is increasing in frequency in corals worldwide. 
